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A pneumatically assisted electrospray liquid chromatography/mass spectrometry (LC/MS)
interface has been modified for use with packed-column supercritical fluid chromatography
(pcSFC). The modifications include the addition of a concentric sheath-flow liquid to the spray
device. This allowed the addition of modifiers at the sprayer tip that promote ionization of
neutral, pcSFC-separated components. Post-column chromatographic fidelity was preserved
using a novel pressure-regulation scheme. Post-column pressure regulation was accomplished
by adding a “pressure-regulating fluid” (supplied under pressure control) to the effluent just
ahead of the sprayer. The modified interface has been used to characterize a variety of
mixtures including emollients, modified polysiloxanes, and pharmaceutical agents. The
spectra produced by using this pcSFC/MS interface are similar to electrospray LC/MS spectra.
(J Am Soc Mass Spectrom 1998, 9, 498–509) © 1998 American Society for Mass Spectrometry
Interfacing supercritical fluid chromatography (SFC)to mass spectrometry (MS) presents both opportu-nities and challenges. For example, the common SFC
mobile phases are more easily pumped by typical
vacuum systems than are high performance liquid
chromatography (HPLC) mobile phases, and mobile-
phase flow rates in open-tubular SFC (otSFC) are rela-
tively low (a few mL/min measured at STP). This
allows the direct coupling of otSFC with common,
differentially pumped mass spectrometers using tradi-
tional electron ionization (EI) or chemical ionization
(CI) ion sources. Similarly, the “self-volatilizing” effect
of packed-column SFC (pcSFC) mobile phases is often
an advantage in pcSFC/MS interfacing [1]. On the other
hand, most otSFC and some pcSFC separations involve
pressure programming, where the mobile-phase pres-
sure is raised over the course of the separation. When
pressure programming is used with fixed flow restric-
tion, the flow rate of mobile phase from the column
rises over the course of the separation. In SFC/MS, this
results in increased flow into the ion source. This
increased flow can be deleterious to the desired electron
or chemical ionization conditions and to ion transmis-
sion [2–4]. Additional pumping, such as liquid-nitrogen
cryopumping [5–7], can, at a minimum, reduce the
effect of mobile-phase flow on ion transmission. How-
ever, a more universal solution to these challenges is the
use of atmospheric-pressure ionization (API) tech-
niques. These methods introduce the effluent to an
atmospheric-pressure “buffer” region between the
high-pressure chromatograph and the low-pressure
mass spectrometer, reducing the effect of mobile-phase
flow on mass spectrometer performance.
Two primary API interface/ionization methods have
been used for SFC/MS: the electrospray (ESI) [8–10]
and the atmospheric pressure chemical ionization
(APCI) [11–17] interfaces. The APCI interface has most
frequently been used for open-tubular SFC/MS, al-
though it is compatible with packed-column flow rates
[13]. Electrospray ionization differs significantly from
APCI. Rather than generating ions in a gas-phase,
chemical-ionization process as in APCI, most workers
believe that “preformed” ions are desorbed from evap-
orating droplets in ESI [18, 19]. One commonly used
form of ESI is “pneumatically assisted ESI,” also known
as IonSpray (PE Sciex, Ontario, Canada) [20], in which a
flow of nebulizing gas is introduced coaxially to the
expanding plume of electrospray droplets. An addi-
tional stream of heated gas is sometimes directed or-
thogonally to the expanding plume (sometimes called
“TurbolonSpray”t (PE Sciex, Ontario, Canada) [21, 22].
The additional gas flows serve to enhance the desolva-
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tion of analytes. Sadoun and Arpino described an ESI
interface for packed-capillary SFC/MS [8]. The tech-
nique provided detection limits in the low-pg range.
But the authors also described a number of difficulties.
The mobile-phase composition significantly affected the
ionization process. This complicated the results during
composition-gradient programming, the most common
programming method in pcSFC. Also, less-volatile ana-
lytes produced tailing peaks, presumably from analyte
accumulation on the electrospray needle during mobile-
phase decompression. We later described a sheath-flow
interface for otSFC/pneumatically assisted ESI-MS that
addressed these problems [10]. The sheath-flow fluid
(containing methanol, water, and a buffer such as
NH4OAc) provided enhanced and more uniform ion-
ization conditions. The sheath flow also eliminated
tailing of nonvolatile analytes. We demonstrated that
the sheath-flow interface, combined with Turbolon-
Spray, is compatible with expanded-gas flow rates in
the milliliter-per-minute range encountered in otSFC.
Encouraged by these initial results, we have proceeded
to investigate the use of our sheath-flow interface for
coupling pcSFC with mass spectrometry.
Packed-column SFC has a number of advantages
over otSFC. Analyses are much faster, volumes and
flow rates are such that connections are easier to make,
the use of mobile-phase “modifiers” allows the analysis
of more polar analytes, and the range of column selec-
tivities is far greater than in otSFC. Accordingly, the
challenges associated with coupling pcSFC with MS are
somewhat different from our otSFC experiences. First,
the volume of mobile phase delivered to the IonSpray
interface is orders-of-magnitude greater for 4.6-mm-i.d.
packed columns (typically between 1.5 and 2.5 3 1022 g
CO2/s, or 1 to 1.5 L/min measured at STP) than for
50-mm-i.d. open-tubular columns (typically 1.5 3 1025
to 1.5 3 1024 g CO2/s, or 1 to 10 mL/min measured at
STP). Second, the pcSFC mobile phase usually contains
a polar “modifier” (such as methanol) and sometimes
an “additive” (such as a weak acid or base) in addition
to CO2. Open-tubular SFC is most commonly per-
formed with unmodified CO2.
Another important difference is that column pres-
sure in pcSFC is most commonly (and most success-
fully) regulated “downstream” (i.e., at the column or
detector exit) rather than at the head of the column, as
in otSFC [23]. The column-outlet pressure is held suffi-
ciently high to ensure that the effluent is a single phase.
This, in turn, ensures that the entire chromatographic
system upstream of the pressure-regulating point re-
mains in a single phase (super- or subcritical). Most
commercial pcSFC instruments are equipped with ul-
traviolet absorbance (UV) detection and a computer-
controlled, post-detector pressure-regulation device lo-
cated downstream from the detector. Some
investigators have reported that simply linking the
outlet of this pressure regulator to an APCI nebulizer
provides good pcSFC/MS performance [24]. However,
we found that this arrangement introduced an unac-
ceptable amount of extra-column variance (band broad-
ening) for the analytes we used as probes. This may be
due to the internal volume of the pressure-regulating
device and associated fittings. Or the band broadening
may be the result of poor mass transfer in the line
linking the pressure-regulating device to the IonSpray
interface. Recall that the pressure (and the resulting
phase behavior) within this transfer line is not regulated
in this arrangement. Therefore, we employed a novel
means of post-column pressure regulation, using a
“pressure-regulating fluid.” This approach is summa-
rized in the Experimental section and described in
greater detail elsewhere [25]. Not only does this provide
a low-dead-volume means of regulating pressure, but it
enriches the mobile phase in the polar organic fluid
during the pressure-reduction step, ensuring good mass
transfer through the interface. This is, at least on the
surface, similar to the addition of a “particle-forming
solvent” to the effluent in pcSFC/particle-beam mass
spectrometry [26, 27]. However, the goal of this latter
work was the formation of particles of appropriate size
for the particle-beam interface. The particle-forming
solvent was pumped under flow control, rather than
pressure control. In our work, the goals of post-column
solvent addition are pressure regulation and assurance
of efficient mass transfer.
We report here our development of a modified
IonSpray interface for pcSFC/MS, and its application to
the characterization of a variety of mixtures.
Experimental
Supercritical Fluid Chromatography
pcSFC was performed by using a Model G1205A super-
critical fluid chromatograph (Hewlett-Packard, Little
Falls, DE). The injector was equipped with a 10-mL
external loop. A “pressure-regulating fluid,” such as
methanol, was added to a “pressure-regulating tee”
located in-line between the UV-detector cell and the
sheath-flow interface (see Figure 1). The pressure regu-
lating tee replaced a number of components of the
G1205A: the pressure transducer, pressure regulating
valve, two unions, one filter, and the transfer lines
between these components. The pressure (200 bar) and
temperature (ambient) of the pressure-regulating tee
were such that the column effluent and the pressure-
regulating fluid mix would form a single phase in the
pressure-regulating tee. (We recommend that the pres-
sure-regulating fluid be the same as the mobile-phase
modifier in order to avoid phase-separation uncertain-
ties.) The fluid was supplied by a Model 260D syringe
pump (Isco, Lincoln, NE) operated under pressure
control. A second line extended from the Isco pressure-
regulating pump to the post-column pressure trans-
ducer of the HP G1205A SFC instrument. This allowed
the HP instrument-control system to sense the post-
column pressure regulated by the Isco pump. The outlet
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from the HP post-column pressure transducer was
plugged.
During early work in which only a portion of the
effluent was introduced to the IonSpray interface, a
low-dead-volume tee (ZT1C, Valco Instruments Co.,
Houston, TX) was installed between the column and the
UV detector. A 1-m-long, 50-mm-i.d., 200-mm-o.d.
fused-silica flow restrictor was used to carry a portion
of the effluent to the IonSpray interface. The tempera-
ture of the restrictor was held at the pcSFC oven
temperature using a custom-built, heated, flexible trans-
fer line that extended from within the pcSFC oven to the
Plexiglas faceplate of the interface. The restrictor was
fabricated in the manner of Guthrie and Schwartz [28]
and had a flow rate of 7.5 mL/min of gaseous CO2 with
a backpressure of 20.2 MPa (CO2 flow measured as a
gas at ambient temperature and atmospheric pressure).
Columns. Achiral separations were performed on a
4.6-mm-i.d., 250-mm-long Deltabond Cyano column
(Keystone Scientific, Bellefonte, PA). The average pore
size was 300 Å, and the particle diameter was 5 mm. An
(R,R) Poly-Whelk-O (4.6 3 250 mm, 5-mm particle size,
Regis Technologies, Morton Grove, IL) column was
used for chiral separations.
Mass Spectrometry
Most experiments were conducted using a Model API
III1 tandem quadrupole mass spectrometer (PE-Sciex,
Concord, Ontario Canada). The same ultrahigh purity
N2 source (liquid N2 boil-off) was used for curtain,
nebulizer, and TurboIonSpray gases. The sprayer po-
tential was held at 4 kV. Typical values were used for
the orifice ring voltage (50–70 V), curtain gas flow
(1.2–1.4 L/min), TurboIonSpray probe parameters (7
L/min, 450°C), nebulizer gas pressure (50 lb/in.2), and
interface plate temperature (55°C). The instrument was
tuned in the conventional manner with an aqueous
solution of poly(propylene glycol) (PPG) (1 3 1024 M
PPG 1000, 2 3 1024 M PPG 2000, 1 3 1023 M ammo-
nium acetate) using the unaltered IonSpray interface.
Direct infusion of the tuning solution was accomplished
using a Model 22 syringe pump (Harvard Apparatus,
South Natick, MA) set at 10 mL/min. One set of
experiments described here was conducted with a TSQ-
7000 mass spectrometer (Finnigan-MAT, San Jose, CA)
equipped with a heated-capillary electrospray LC/MS
interface. A 75-mm-i.d., 150-mm-o.d. fused-silica capil-
lary was inserted in the sample inlet of the interface and
connected to the pressure-regulating tee. The tip of the
fused-silica capillary was positioned ;0.5 mm inside
the sprayer tube. The Isco pump supplying the sheath
flow was connected to the sheath-liquid inlet. The
heated-capillary temperature was held at 200°C, the
auxiliary gas flow was set to 30 L/min, and the sheath
gas pressure was held at 60 lb/in.2. This instrument was
mass calibrated using a 100-mg/mL solution of ethoxy-
lated alcohol [C11H23O(CH2CH2O)nH, where n varied
from 0 to 14 with an average of 7]. The solvent for this
solution was 0.5% acetic acid in 50/50 methanol:water.
Mass spectra were averaged across analyte peaks
and background subtracted. Nominal (unit) resolution
was used for all full-scan experiments. All mass spec-
trometer settings (voltages, gas flows and pressures,
etc.) reported are as indicated by the instrument read-
outs.
Modified IonSpray Interface
The IonSpray interface was modified for use as an
pcSFC/MS interface as shown in Figure 1. The coaxial
sheath-flow liquid was added at the middle tee in the
diagram. This liquid ran coaxially to the fused-silica
transfer line (deactivated fused-silica, 75-mm-i.d., 375-
mm-o.d., obtained from Dionex, Sunnyvale, CA)
through a 0.41-mm- (0.016-in.) i.d., 0.71-mm- (0.028-in.)
o.d., 11.4-cm-long, stainless-steel capillary (Small Parts
Inc., Boca Raton, FL). The outlet of the fused-silica
transfer line was not restricted. The sheath-flow liquid
flowed in the space between the stainless-steel capillary
and fused-silica capillary and did not interact with the
pcSFC mobile phase until both reached the tip of the
spray device. An Isco pump, identical to the one de-
scribed above for the pressure-regulating fluid, was
used to deliver the sheath-flow liquid. However, a
high-pressure pump is not required for this purpose.
The sheath-flow liquid contained ammonium acetate
which promoted ionization of neutral analytes. It is
important to note that we could not mix a liquid
containing a salt, such as ammonium acetate, with the
pcSFC effluent until the expansion to atmospheric pres-
sure. (Salts are typically not soluble in the pcSFC mobile
phase.) Therefore, the methanol pressure-regulating
Figure 1. Schematic diagram of the improved total-effluent-
introduction design and SFC/IonSpray-MS interface. Pressure-
regulating tee and pump replace conventional pressure-regulating
system, providing lower volume flow path, pressure control to
just before the expansion region, and higher organic-solvent
content during the mobile-phase expansion. The pressure regulat-
ing tee replaces a number of components of the G1205A SFC
instrument: the pressure transducer, pressure regulating valve,
two unions, one filter, and the transfer lines between these
components.
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fluid could not be used to replace the sheath-flow liquid
as the carrier for the ionization-promoting salt. Both
tees were held at the sprayer potential. A relatively
straight-line connection for the fused-silica capillary ran
from the pressure regulating tee, through a small hole
in the Plexiglas interface plate, to the sheath-flow-liquid
tee and then on to the sprayer tee of the interface. The
nebulizer gas was added to the sprayer tee, in the
conventional manner. This gas flowed coaxially to the
sheath-flow liquid and to the pcSFC effluent through a
0.84-mm- (0.033-in.) i.d., 1.27-mm- (0.050-in.) o.d. stain-
less-steel nebulizer tube. The fused-silica and stainless-
steel capillary connections to the tees employed graph-
ite-filled-Vespel capillary ferrules (Valco Instruments,
Houston, TX) or PEEK fittings (Upchurch Scientific,
Oak Harbor, WA). The stainless-steel sheath-flow cap-
illary protruded past the end of the stainless-steel
nebulizer-gas tube by approximately 1 mm. The tip of
the fused-silica capillary was withdrawn inside the
sheath-flow capillary by approximately half that dis-
tance, as shown.
Materials and Sample Preparation
Solvents and Samples. All solvents were HPLC grade or
better (J. T. Baker, Phillipsburg, NJ). Carbon dioxide
was SFC/SFE grade (Air Products, Allentown, PA).
Rhamnose (98%) was obtained from Aldrich (Milwau-
kee, WI). Flurbiprofen, fenoprofen, and ketoprofen
were obtained from Sigma (St. Louis, MO). Solutions of
these analytes were prepared by dissolution in metha-
nol.
Methyl-capped poly(dimethylsiloxane) with an aver-
age molecular weight of 770 was obtained from Poly-
sciences, Inc., Warrington, PA. It was prepared as a
solution in toluene. An octanoylphenolpentaoxyethyl-
ene (C8-phenyl-EO5) surfactant standard (a single com-
ponent) and a modified polysiloxane were produced in
house. The former was produced by standard ethylene
oxide polymerization of the corresponding phenol, fol-
lowed by purification via column liquid chromatogra-
phy. The modified polysiloxane was produced using a
proprietary synthetic method. The C8-phenyl-EO5 stan-
dard and the modified polysiloxane solutions were
prepared in hexane and toluene, respectively. Ethoxy-
lated alcohol and propoxylated alcohol samples were
obtained from Shell Research (Houston, TX) and ICI
(New Castle, DE), respectively. Solutions of these latter
two samples were prepared in toluene.
Sheath-Flow Liquid. The sheath-flow liquid consisted of
1-mM ammonium acetate in 80/20 methanol/water,
delivered at 100 mL/min. The water was deionized and
purified with a Milli-Q Reagent Water System (Milli-
pore, Bedford, MA).
Pressure Regulating Fluid. In the experiments described
here, HPLC-grade methanol was used as the pressure-
regulating fluid. In most experiments, the pressure was
held at an indicated pressure of 20.0 MPa (200 bar). This
resulted in the addition of 0.3 to 1.3 mL/min of meth-
anol to the pcSFC effluent.
Ketorolac and Related Compounds. Ketorolac and its
analogs were obtained from Syntex Laboratories (Palo
Alto, CA). For the ultratrace analysis, the compounds
were spiked into rat plasma and then extracted using a
solid-phase Isolute C18 cartridge (200 mg sorbent, Jones
Chromatography, Lakewood, CO). The extraction used
a methanol and then 97:3 water:methanol (with 0.1%
formic acid) conditioning. After loading the samples,
the cartridges were washed with 97:3 and then 75:25
water:methanol (with 0.1% formic acid). The analytes
were then eluted with 15:85 water:methanol (with 0.1%
formic acid).
The normal phase HPLC separation of ketorolac,
p-fluoroketorolac, and p-hydroxketorolac referenced
below was an isocratic elution using 80:20 hexane:
isopropyl alcohol (with 0.5% formic acid) and a Chiracel
OD column (4.6 mm 3 25 cm, Chiral Technologies,
Exton, PA).
Results and Discussion
Our initial work with the IonSpray interface involved
otSFC [10]. Adapting the interface to accommodate the
much larger volume of effluent from the pcSFC instru-
ment resulted in an evolution of the device. The higher
mobile-phase flow rate did not challenge the interface
as severely as we had expected because the TurboIon-
Spray gun (heated nitrogen stream) was able to coun-
teract the Joule–Thompson cooling caused by the ex-
pansion of CO2 and assist volatilization of the entire
effluent. However, the i.d. of the original fused-silica
transfer line was too small for pcSFC flow rates. It was
replaced by a larger i.d. (75 mm) transfer line. We also
found that a larger o.d., deactivated fused-silica transfer
line provided improved ruggedness at mobile-phase
flow rates greater than ;2 mL/min (condensed-phase
CO2 and methanol modifier). Use of a larger o.d.
fused-silica transfer line, in turn, required modification
of the original sheath-flow capillary and sprayer tube
dimensions, as described earlier. Furthermore, as pre-
viously described [10], a simple flow restrictor was used
to maintain the pressure in the chromatographic system
for otSFC/MS. The solution to this pressure-regulation
requirement for pcSFC/MS was less obvious, as de-
scribed below.
Initial Results With Split Effluent
As mentioned above, we did not anticipate that the
sprayer capillary and the interface we used for
otSFC/MS with a 50-mm-i.d. column (and, ultimately,
the vacuum system) would accommodate the signifi-
cant increase in mobile-phase flow from pcSFC with a
4.6-mm-i.d. column. Therefore, our initial pcSFC/MS
experiments involved splitting the effluent post-col-
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umn, but before the UV detector and the conventional
pressure-regulating valve. Approximately 99% of the
effluent was directed to the UV detector whereas the
remaining flow was directed to the modified interface
via a restrictor. From a chromatographic perspective,
the results were excellent. Figure 2 shows mass chro-
matograms from the separation of a methyl-terminated
poly(dimethylsiloxane) with an average molecular
weight of 770. The mass chromatograms are of the most
abundant ion in the isotope cluster of the ammonium
adduct ion for each oligomer. However, the mass
spectrometer response per amount injected was too low
for many applications, especially trace- and ultratrace-
level analysis. For example, 50 mg of C8-phenyl-EO5
injected on-column with approximately 1% directed to
the interface resulted in a mass chromatographic peak
for the [M1H]1 ion that had a height of about 450,000
counts per second (not shown). This can be contrasted
to the results shown below for the total effluent intro-
duction approach.
Total Effluent Introduction—Initial Design
To obtain better sensitivity, we next decided to deter-
mine if the entire pcSFC effluent could be directed to
the interface and mass spectrometer. In the conven-
tional pcSFC system, the effluent flows from the col-
umn, through the UV detector, through the pressure-
regulating valve (the “nozzle”) and to waste. We simply
directed the entire effluent from the regulating valve to
the IonSpray interface rather than to waste. The inter-
face functioned well, despite the dramatic increase in
flow from the pcSFC system, as compared to our
previous otSFC experiences. Critical to making this
possible was the use of the TurboIonSpray gun. This
device delivers an orthogonal stream of heated nitrogen
across the expanding spray plume. Without the heated
TurboIonSpray stream, we observed a rapid build-up of
ice (water and/or CO2) on the sprayer tip, as well as the
generation of CO2 “snowflakes.” When the indicated
temperature and flow rate of the TurboIonSpray device
were held above ;400°C and 7 L/min, the tip of the
sprayer and the faceplate did not show any evidence of
freezing or condensation because of the expanding
mobile phase. The temperature of the sprayer and other
interface components rose slightly under the influence
of the TurboIonSpray device because all of these com-
ponents are enclosed within the API “source” chamber.
We used a battery-powered temperature monitor (nec-
essary due to the high voltage applied to the sprayer)
and found that the temperature of the sheath-flow tee
rose from approximately 25°C to 50–60°C.
Introducing the entire pcSFC effluent to the interface
provided better response than with effluent splitting, as
expected. For example, 0.5 mg of C8-phenyl-EO5 injected
on-column (100-fold less than mentioned above) re-
sulted in a mass chromatographic peak for the [M1H]1
ion that had a height of about 2,310,000 counts/s, a
fivefold-increase over the split-introduction approach
(see Figure 3, top). However, the pressure-regulating
valve and associated plumbing did not maintain good
chromatographic fidelity with the analytes we used.
When compared to the UV trace, the peaks recon-
structed from mass spectral data were broad and tail-
ing. We believe that this extra-column peak variance
may have been caused by the volume of the fittings,
filters, pressure-regulating valve, pressure-transducer
and tubing between the UV detector and the interface.
Also, recall that pressure is not controlled in the tubing
connecting the conventional pressure-regulating valve
(i.e., original unmodified G1205A components) to the
IonSpray interface. This could have allowed phase
separation, and poor mass transfer, in this region.
Total Effluent Introduction—Improved Design
Improving the chromatographic fidelity of the system
required (1) minimizing the extra-column volume, and
(2) regulating the system pressure as close to the
sprayer as possible. Toward this end, we bypassed the
conventional pressure-regulating valve, the pressure
transducer, and associated fittings, filters, and tubing in
the flow path. This in turn required an alternate, low-
dead-volume means of post-column pressure regula-
Figure 2. Selected mass chromatograms of the ammonium ad-
duct ions from the pcSFC/IonSpray-MS separations of a methyl-
capped poly(dimethylsiloxane) mixture with an average molecu-
lar weight of 770. Each ion chosen was the most abundant ion in
its isotope cluster. (The shift in the most abundant ion from the
“monoisotopic” mass can be of several mass units for species
containing several Si atoms.) Chromatographic conditions: oven
temperature: 100°C; transfer line temperature: 75°C; flow rate: 2.0
mL/min; mobile phase pressure: held at 7.1 MPa (70 atm) for 1
min upon injection, then raised to 35.4 MPa (350 atm) at 2.0
MPa/min (20 atm/min); mobile phase: 1% methanol in CO2.
502 BAKER AND PINKSTON J Am Soc Mass Spectrom 1998, 9, 498–509
tion. We achieved this by the addition of a “pressure-
regulating” tee (see Figure 1) which introduced a
“pressure-regulating fluid” (such as methanol) under
pressure control using a high-pressure syringe pump
[25]. The improved design provided sharper, more
symmetrical peaks for our test analytes. Adding a fluid
such as methanol and having pressure control closer to
the sprayer ensured good mass transfer of analytes
through the UV detector-interface transfer line, and
through the expansion region in the sprayer capillary.
This improvement can be seen clearly by comparing the
improved chromatographic results shown in Figure 3
(bottom) with results from the original configuration
(top). A number of experimental parameters are altered
in moving from the experiment illustrated in the top of
Figure 3 to that shown in the bottom. However, with the
exception of the physical changes in the interface (i.e.,
the addition of the pressure-regulating tee), all the
changes would have exacerbated the tailing shown in
the top of the figure. The improved interface allowed us
to reduce the level of methanol modifier in the mobile
phase and increase the mobile-phase flow rate. By
improving the peak shape, the improved interface pro-
vided a significant improvement in signal-to-noise ra-
tio. Using the pressure-regulating tee, 50 ng of C8-
phenyl-EO5 injected on-column (tenfold less than in the
top of Figure 3) resulted in a mass chromatographic
peak for the [M1H]1 ion that had an improved peak
shape and similar counts per second.
Capillary and Sprayer Position Considerations
The initial fused-silica capillary (nominal i.d. of 75 mm,
o.d. of 200 mm) extending from the pressure-regulating
tee through the sprayer tee easily accommodated the
full effluent flow of the 4.6-mm-i.d. packed columns.
However, the ruggedness of capillaries of these dimen-
sions proved to be unacceptable. They lasted anywhere
from 30 min to 7 h. Acceptable ruggedness (for our
purposes a minimum of one full day) was obtained only
after a thicker-walled fused-silica capillary (75 mm i.d.,
375 mm o.d.) was utilized. Beyond wall thickness, two
Figure 3. SFC/IonSpray-MS of the protonated molecule of a octanoylphenolpentaoxyethylene
(C8-phenyl-EO5) surfactant standard. Results using the initial total-effluent-introduction design are
shown on top. Note the peak tailing in the top chromatogram, and the improved result using the
pressure-regulating-fluid interface, on the bottom. Conditions: (Top) 500 ng on-column; 1-mL/min 6%
methanol in CO2; 20-MPa (200 bar) post-column pressure; 40°C oven temperature; 8-L/min Turbo-
IonSpray gas at 530°C; 50-lb/in.2 nebulizer gas pressure; 100-mL/min sheath flow. (Bottom) 50 ng
on-column; 2-mL/min of 3% methanol in CO2; 20-MPa (200 bar) post-column pressure; 60°C oven
temperature; 8-L/min TurboIonSpray gas at 500°C; 46-lb/in.2 nebulizer gas pressure; 300-mL/min
sheath flow.
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other factors proved critical to acceptable ruggedness of
the capillaries: (1) the use of deactivated fused-silica
tubing, and (2) a near-straight-line configuration from
the pressure-regulating tee to the sprayer tee. With
capillaries lasting at least 1 full day, it was a simple
matter to replace the capillary at the beginning of each
day of operation (a 5-min process) to prevent a failure
during an experiment.
The fragility of the early fused-silica capillaries was
greatest when high methanol modifier concentrations
were used. Other evidence [29] indicates that methanol
can erode the wall of fused-silica capillaries. Cracks or
breaks in the capillary wall tended to occur most often
at stress points (i.e., regions of some curvature). Other
organic mobile-phase modifiers (e.g., propanol [29])
might not erode the capillary wall.
We routinely optimized the position of the sprayer
relative to the orifice leading to the mass analyzer. We
found that the optimum position was similar to that
found for LC/MS with 2-mm-i.d. columns and 200- to
300-mL/min flow rates. This sensitivity optimization
has been found to vary slightly for a particular instru-
ment and was a routine part of operation. For both
types of chromatographies, we positioned the sprayer
“conservatively” (further from the orifice), sacrificing a
small amount of sensitivity (;20%) for ruggedness
(typical sprayer-arm micrometer settings: x 5 5.02, y 5
2.12, z 5 2.81, and sprayer angle 5 18). Taking this
approach, we never encountered plugging of the orifice
for SFC/MS experiments. Similarly, with this approach,
plugging of the orifice rarely occurs in the LC/MS
mode.
Heated-Capillary Interface
As an extension of this work, we decided to couple
pcSFC with mass spectrometry using a heated-capillary
interface (Finnigan/MAT TSQ-7000). In contrast to the
“curtain gas” arrangement of the IonSpray interface, a
portion of the nebulized effluent passes from the atmo-
spheric-pressure region to the first stage of vacuum
through a heated metal capillary (hence the name). This
barrier between the atmospheric-pressure region and
the mass analyzer assists the evaporation process and
protects the vacuum system. This interface (and vac-
uum system) was also found to readily accommodate
combined flows of the effluent from the 4.6-mm-i.d.
column, the pressure-regulation fluid, and the sheath-
flow liquid. The data produced for most analytes were
similar to those produced using the IonSpray interface.
Sodium adduct ions were often more prominent with
the heated capillary interface. For example, the pcSFC/
ESI-MS spectrum of rhamnose (not shown), a monosac-
charide, displays a base peak corresponding to the
sodium adduct ion at m/z 187. The only other promi-
nent peak in that spectrum is a cluster ion at m/z 219
that corresponds to [M1Na1methanol]1. In contrast,
the protonated molecule dominated the pcSFC/Ion-
Spray-MS spectrum (not shown). We noted other dis-
tinct differences between the two types of interfaces.
The heated-capillary interface clearly produced useful
results but, based upon our limited experience, seemed
to generate a higher level of chemical noise at low
mass-to-charge ratio. Furthermore, some small acids
that could be easily detected via SFC/IonSpray-MS
were not detected using the heated capillary interface.
Effect of Voltage and Methanol Flow
During our work with the heated-capillary interface, a
hardware failure caused the loss of the electrospray
voltage. However, the signal was still observed during
the pcSFC/MS experiment! (This is reminiscent of the
accidental discovery of thermospray ionization [30–
32]). In fact, we found that the pcSFC/MS response of
the heated-capillary interface did not vary with voltage,
whether the sprayer was grounded, allowed to “float,”
or held at high voltage (see Figure 4). This suggests that
ionization may involve a thermospray-like mechanism.
This is not difficult to imagine, because the pcSFC
effluent is essentially self-nebulizing. Also, static charge
may develop inside the fused-silica capillary (inside the
sprayer) or heated capillary, imparting a charge on the
effluent droplets. Importantly, this effect is not ob-
served in the LC/MS mode. The LC/MS signal is lost if
the sprayer is not held at high voltage. In contrast to its
independence from applied voltage, the response of the
heated-capillary interface was heavily dependent on the
presence of methanol (or, presumably, another suitable
solvent) in the effluent. This argues for an electrospray-
type ionization mechanism, requiring the generation of
charged, evaporating droplets from the effluent. No
such droplets are formed when the pcSFC effluent and
the pressure-regulating fluid do not contain an organic
solvent such as methanol, and when no sheath-flow
liquid is used. Figure 4 also demonstrates the effect of
methanol on the pcSFC/MS response of the C8-phenyl-
EO5 standard using the heated capillary interface.
In contrast to the heated-capillary interface, the re-
sponse of the IonSpray source was affected by voltage.
In this case the analyte signal was present, but lower, in
the absence of the high-voltage (see Figure 5). A mixed
ionization mechanism may exist in this case. Multiple
charging, described below, argues for an electrospray
mechanism. High voltage on the sprayer may also
improve ion sampling by the mass spectrometer. The
importance of the sheath-flow and pressure-regulating
fluids can also be seen in Figure 5. A minimum meth-
anol flow (;100–200 mL/min) was required for ioniza-
tion in both sources.
Applications—Chiral Pharmaceuticals
pcSFC has been shown to be especially promising for
chiral separations [33–35]. Ketorolac is a nonsteroidal
anti-inflammatory drug (NSAID) with a chiral site. One
of its know metabolites is p-hydroxyketorolac. p-Flu-
oroketorolac was synthesized for use as a chemical
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internal standard. Each compound was known to con-
sist of an enantiomeric pair. The optimized, normal
phase HPLC separation of these compounds required
approximately 16 min [36]. The development of this
HPLC method was not trivial. In contrast, a pcSFC/MS
separation that resolved these enantiomeric pairs in 6
min was easily developed. This separation, with
;20–30 ng per enantiomer on-column and acquired in
the full scan mode, is shown in Figure 6. In order to
maintain the back pressure in the chromatographic
system, the pressure regulating fluid, methanol, was
introduced at 20.0 MPa (200 bar, requiring ;750 mL/
min). The total fluid flow into the interface was there-
fore approximately 4 mL/min (mobile phase, sheath-
flow, pressure regulating fluid). However, because this
fluid was largely CO2 and methanol, the interface and
vacuum system tolerated this well.
The mass spectra of the p-hydroxyketorolac enanti-
omers shown in Figure 7 (left) were acquired during the
separation displayed in Figure 6. The molecule’s chiral
site is indicated by an asterisk (*) in the structural
representation in this and subsequent figures. A num-
ber of observations can be made about these mass
spectra. As expected, the spectra of enantiomers are
identical. A strong signal for the [M1H]1 ion and
essentially one fragment ion were observed for each
analyte. Spectra of the other ketorolac analogs show
corresponding fragmentation. Surprisingly, an unex-
pected pair of enantiomers was detected during the
separation shown in Figure 6. We propose the identity
Figure 4. pcSFC/ESI-MS of 5 ng of a C8-phenyl-EO5 surfactant
standard using the heated-capillary interface. ESI needle held at
4.5 kV (top) and “floating” (middle). The signal is not affected by
holding the needle at high voltage, allowing the needle to electro-
statically “float,” or grounding the needle (not shown). The
pressure-regulating fluid (;0.6-mL/min methanol flow from the
pressure-regulating pump) was halted during the acquisition of
the bottom chromatogram, showing that this causes the loss of
analyte signal. Conditions: 3-mL/min flow; 2% methanol in CO2;
20-MPa (200 bar) post-column pressure (;0.6-mL/min methanol
flow from pressure regulating pump); 60°C oven temperature;
sheath-flow liquid: 50 mL/min; auxiliary gas flow: 48 L/min;
sheath gas pressure: 60 lb/in.2; ESI capillary temperature: 200°C;
scan m/z 225– 600 in 0.5 s. Mass chromatograms of the sodium
adduct ion and of a prominent cluster ion are displayed.
Figure 5. Chiral pcSFC/IonSpray-MS/MS of 10 ng of the NSAID
flurbiprofen using the modified IonSpray source in the negative
ion detection mode. The impact of the high-voltage and fluid
flows on the peak height is shown. The trace shows the selected
reaction monitoring (SRM) of the m/z 243 ([M 2 H]2)–m/z 199
transition. Conditions: 3.5-mL/min flow; 3% methanol in CO2;
20-MPa (200 bar) post-column pressure resulting in ;350 mL/min
pressure-regulating-fluid-flow; 240°C oven temperature; sheath-
flow liquid: 100 mL/min; 8-L/min TurboIonSpray gas at 400°C;
nebulizer gas pressure: 42 lb/in2; curtain gas flow: 1.4 L/min;
dwell time: 200 ms.
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of the unknown to be p-hydroxy-methylesterketorolac.
The identity of the unknown was proposed from its
spectrum (molecular mass and fragment ion, see
Scheme 1) and the fact that it was present only in a
methanol solution of the p-hydroxyketorolac standard.
Importantly, the mass spectrometric background signal
and the analyte spectra were similar in appearance to
those obtained from the typical LC/IonSpray-MS ex-
periment.
The collisionally induced dissociation (CID) product-
ion spectra of the [M1H]1 ions for these four sets of
enantiomers are analogous to the conventional mass
spectra. Specifically, the product-ion-spectrum base
peak is at the same mass-to-charge ratio as the primary
fragment ion in the mass spectra. An example of the
product-ion spectra obtained for these compounds is
shown in right portion of Figure 7. For each compound,
a single product ion dominates the product-ion spec-
trum. The CID spectra of these structurally similar
molecules are, not surprisingly, analogous, as shown in
Scheme I.
The fragmentation of these molecules is ideal for
tandem mass spectrometric (MS/MS) detection using
selected reaction monitoring (SRM). In each case, the
transition from the [M1H]1 ion to the dominant prod-
uct ion can be monitored to obtain a sensitive detection
scheme. An example of a pcSFC/MS/MS experiment
using this detection scheme is shown in Figure 8. The
analytes were spiked into rat plasma and extracted as
Figure 6. SFC/IonSpray-MS separation of enantiomeric pairs of
ketorolac and three related compounds. 20–30 ng per enantiomer
were injected on-column. The mass chromatogram corresponding
to the [M1H]1 for each analyte is shown along with the recon-
structed ion chromatogram (RIC). Conditions: scanned m/z 100
to 300, 3.0 mL/min flow; methanol gradient in CO2: 5% for 1 min,
then ramp at 3%/min to 12%; 20-MPa (200 bar) post-column
pressure resulting in ;750-mL/min pressure-regulating-fluid
flow; 215°C oven temperature; sheath-flow liquid: 100 mL/min;
8-L/min TurboIonSpray gas at 400°C; nebulizer gas pressure: 42
lb/in.2; curtain gas flow: 1.4 L/min.
Figure 7. Left: mass spectra of the enantiomeric pair of p-hydroxyketorolac obtained from the
chromatogram shown in Figure 6. The chiral site is indicated on the structures by the asterisk. Right:
the MS/MS spectra, products of [M1H]1, for the same enantiomers.
Scheme I. For ketorolac, R1 5 R2 5 H; for p-fluoroketorolac,
R1 5 F, R2 5 H; for p-hydroxy-ketorolac, R1 5 OH, R2 5 H; and
for p-hydroxymethylesterketorolac, R1 5 OH, R2 5 CH3.
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described earlier. Although a complete optimization of
the interface and collision conditions was not per-
formed, and a 4.6-mm-i.d. column was utilized, strong
signals (peaks) were obtained from this injection of
40–80 pg of each enantiomer on-column. It is interest-
ing to note that the chromatographic peaks of the
proposed methylester are sharper than those of the
other analytes, as would be expected (i.e., acids interact
more strongly than esters with the stationary phase and
would be more likely to exhibit chromatographic tail-
ing).
In a similar manner, fast separations and low-level
detection of other NSAID enantiomers were achieved.
Two other examples are shown in Figures 5 and 9. We
did not strive to optimize the conditions in order to
obtain a low limit of detection for either of these
examples, as our intent was only to develop a rapid
separation. Both of these examples were acquired using
negative ion detection and SRM of a transition from the
[M 2 H]2 ion to a major product ion. Significantly, the
separation of each set of enantiomers was achieved in
approximately 3 min. The chromatographic resolution
of the enantiomeric pair in Figure 9 is 2.7. The results in
Figure 9 show that although we did not optimize for
ultimate sensitivity, it would be possible to easily detect
levels lower than 500 pg per enantiomer. (Note the
difference in absolute intensities between the blank and
analyte SRM traces.)
Applications—Surfactants
SFC has long been used to characterize nonionic surfac-
tants. We have used pcSFC/MS with the modified
IonSpray interface to investigate a variety of questions
involving this class of compounds. An example is a
separation of an ethoxylated-alcohol surfactant mixture
with an alkyl chain length of 12 and an average ethoxy-
late chain length of 6 (not shown). These data were
acquired using the heated-capillary interface. Impor-
tantly, the spectra were very simple, consisting of a
prominent sodium-adduct ion and a cluster ion base
peak at M132, the nature of which is not known. The
spectra did not change substantially as the mobile
phase composition and pressure was programmed dur-
ing elution. This is not surprising, because the API
source acts as a “buffer” between the chromatograph
and the mass spectrometer. This was a significant
contrast to our more conventional characterization of
these mixtures using otSFC/MS with the direct-fluid-
introduction interface and NH3CI [2, 37]. We usually
observed some increase in fragmentation during the
course of the pressure-programmed otSFC/MS separa-
tion, as the partial pressure of CO2 in the ion source
increases and CO2 charge-exchange ionization begins to
play a role.
It is interesting to note that we have observed
evidence of multiple charging during the analysis of
higher molecular weight compounds (e.g., propoxy-
lated alcohol surfactants). This is similar to what has
been widely observed during the LC/ESI-MS analysis
of such compounds. The presence of multiple charging
clearly argues for a traditional ESI ionization mecha-
nism.
Applications—Modified Polysiloxanes With
Pressure Programming
Most of the separations we have described involve
mobile-phase-composition programming. However,
mobile-phase-pressure or density programming is com-
monly used in pcSFC, especially when unmodified CO2
Figure 8. Selected-reaction-monitoring chromatograms from the
SFC/IonSpray-MS/MS analysis of the ketorolac derivatives at
trace levels, following extraction from rat plasma. Each peak
represents 40–80 pg per enantiomer injected on the 4.6-mm-i.d.
column. Same conditions as listed in Figure 6.
Figure 9. A 3-min separation of the enantiomers of the NSAID
fenoprofen (500 pg each) via SFC/IonSpray-MS/MS in the nega-
tive ion detection mode. Analysis of a blank is shown in the
bottom chromatogram. Conditions: 3.5-mL/min flow; 3% metha-
nol modifier in CO2; 20-MPa (200 bar) post-column pressure
resulting in ;350-mL/min pressure-regulating-fluid flow; 240°C
oven temperature; sheath-flow liquid: 100 mL/min; 8-L/min Tur-
boIonSpray gas at 400°C; nebulizer gas pressure: 42 lb/in.2;
curtain gas flow: 1.4 L/min; SRM of the m/z 241 ([M 2 H]2)–m/z
93 transition; dwell time: 200 ms.
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is used as the mobile phase for relatively nonpolar
analytes. The pressure-regulation scheme described
earlier can accommodate pressure programming. Fig-
ure 10 shows an example of the pcSFC/ESI-MS separa-
tion of a low molecular weight, functionalized polysi-
loxane performed with pressure programming. The
pressure at the outlet of the column (at the pressure
regulating tee) is easily programmed by controlling the
pressure of the pressure-regulating pump. Figure 10 is
a two-dimensional representation of a three-dimen-
sional graph. The x and y axes are retention time and
mass-to-charge ratio, respectively. Intensity, the third
dimension (z), is represented by the density of the peak.
This type of data representation is commonly referred
to as a “map” or a “contour plot.” The “map” in Figure
10 clearly shows the presence of at least two distinct
oligomeric series in the functionalized polysiloxane.
Note that the first series of oligomers (and its frag-
ments) exhibit chromatographic tailing. The second
series does not. Additionally, these two series are
chromatographically resolved.
Conclusions
The modified IonSpray source and pressure-regulating
pump form a reliable interface for pcSFC/MS. The
interface performs well at fluid flows up to 4 mL/min,
accepting the entire effluent from 4.6-mm-i.d. columns
and allowing rapid analyses. Combining pcSFC with
MS in this manner affords all the spectral advantages of
electrospray ionization/volatilization. Ionization may
be due to a mixed electrospray and thermospray-like
mechanism. The modified interface allows totally inde-
pendent optimization of the chromatographic condi-
tions and mass spectral detection.
pcSFC is most commonly performed using a mobile-
phase composition gradient. Altering the composition
of the mobile phase (i.e., the percent of methanol) may
affect the IonSpray response, as we have shown that
methanol is essential to ionization in pcSFC/IonSpray-
MS. Adding the pressure-regulating tee, and the result-
ing flow of pressure-regulating methanol, will dampen
or eliminate any impact of a methanol mobile-phase
gradient on ionization. The pressure-regulating fluid
essentially acts as a “make-up flow” and results in a
fluid flow to the IonSpray interface of approximately
uniform composition, despite the mobile-phase compo-
sition gradient.
Rapid separations of chiral pharmaceuticals has been
coupled with sensitive detection. The separations are
easy to develop compared to normal-phase HPLC. This
technique has potential for ultratrace quantitation of
chiral and other pharmaceuticals.
Finally, the mass spectrometric background signal
and analyte spectra obtained from eluting compounds
Figure 10. Retention time vs. mass-to-charge ratio “map” from the pcSFC/IonSpray-MS separation of a
functionalized polysiloxane. This separation was performed with pressure programming under the control of the
pressure-regulating pump. Conditions: 2.0-mL/min flow; unmodified CO2 mobile phase; post-column pressure:
0.7 MPa (70 bar) upon injection, then ramp at 0.06 MPa/min (6 bar/min) to 2.5 MPa (250 bar); 120°C oven
temperature; sheath-flow liquid: 300 mL/min; 8-L/min TurboIonSpray gas at 500°C; nebulizer gas pressure: 46
lb/in.2; curtain gas flow: 1.4 L/min.
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are similar in appearance to those obtained from the
typical LC/IonSpray-MS experiment.
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